The use of autonomous underwater vehicles (AUVs) is highly desirable for collecting data from seafloor sensor platforms within a close range. With the recent innovations in underwater wireless optical communication (UWOC) for deep-sea exploration, UWOC could be used in conjunction with AUVs for high-speed data uploads near the surface. In addition to absorption and scattering effects, UWOC undergoes scintillation induced by temperatureand salinity-related turbulence. However, studies on scintillation have been limited to emulating channels with uniform temperature and salinity gradients, rather than incorporating the effects of turbulent motion. Such turbulent flow results in an ocean mixing process that degrades optical communication. This study presents a turbulent model for investigating the impact of vehicle-motioninduced turbulence via the turbulent kinetic energy dissipation rate. This scintillation-related parameter offers a representation of the change in the refractive index due to the turbulent flow and ocean mixing. Monte Carlo simulations are carried out to validate the impact of turbulent flow on optical scintillation. In experimental measurements, the scintillation index (SI) and signal-to-noise ratio (SNR) are similar with (SI = 0.4824; SNR = 5.56) and without (SI = 0.4823; SNR = 5.87) water mixing under uniform temperature channels. By introducing a temperature gradient of 4°C, SI (SNR) with and without turbulent flow changed to 0.5417 (5.06) and 0.8790 (3.40), respectively. The experimental results show a similar trend to the simulation results. Thus, turbulent flow was shown to significantly impact underwater optical communications.
research communities deploy observatories on the seafloor to collect in situ environmental data and retrieve the data for analysis. Gathering observation data is particularly challenging as physically retrieving the sensor platforms for data upload is timeconsuming and expensive [1] [2] [3] . Wirelessly retrieving sensor data is rarely achieved due to limited bandwidth and interference of the acoustic channel. To this end, the data mule method, shown in Fig. 1 , utilizes autonomous underwater vehicles (AUVs) to collect data from seafloor platforms using a close-range wireless optical link before returning to surface for data upload. Optical communication technology is advantageous because of its wide bandwidth and high data rate. Since 2015, which was the early stage of underwater wireless optical communication (UWOC) research, Hassan et al. [4] have achieved a 5-m UWOC system with a data rate of 4.8 Gigabits per second (Gbps). In 2017, 20-m UWOC link with 1.5 Gbps data rate was built by Shen et al. [5] , and Xu et al. [6] pushed the data rate to 9.51 Gbps over 10 m. In 2018, a 25-Gbps UWOC system over a 5-m underwater channel was achieved by Li et al. [7] . Based on these results, UWOC techniques are expected to be combined with underwater vehicles to improve marine observation in the future [8] .
Considering optical beams undergo absorption, scattering, and scintillation in seawater, several channel models have been proposed for characterizing the performance of underwater optical links. Jaruwatanadilok describes the attenuation of optical links in the channel model for absorption and scattering using radiative transfer theory (RTE) [9] . Gabriel et al. solved the RTE equations using Monte Carlo simulation and quantified the link performance with different water types and link distances [10] . Najafi et al. proposed a model based on the geometric loss to simulate the misalignment issue of FSO channel in drone-based networks [11] , which may offer insights for UWOC. Furthermore, the spatial power spectrum of the refractive index (RI) is controlled by temperature and salinity in the ocean medium. Variation in the RI causes the optical intensity to fluctuate randomly, leading to scintillation of the beam, which adversely affects the wireless optical communication quality. Hou utilized an optical turbulence strength parameter that relates to the dissipation rate of temperature or salinity variances to express the RI fluctuation [12] . Jamali et al. [13] and Oubei et al. [14] [15] [16] have studied the underwater turbulence introduced by air bubbles, temperature, and salinity. In their research, different probability density functions (PDFs) are used to describe the statistical distribution of different types of turbulence, and the statistical This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ Fig. 1 . An autonomous underwater vehicle can serve as a data mule to collect data from seafloor platforms by UWOC. The yellow vehicle designed by National Taiwan University is equipped with six propellers. Turbulent flows will be introduced when the vehicle remains stationary over the observatory during data transmission.
scintillation data was measured. Recent models focus on the relationship between the RI and the thermohaline distribution [17] , [18] . Thermohaline diffusivities have an impact on the dissipation rate, and most importantly, these diffusivities are not constant in the presence of turbulence. Thus, the turbulence induced by underwater vehicle motion has a dynamic contribution to the thermohaline dissipation rate. The state of turbulent flow may be a potential determinant for scintillation.
This study is concerned with the influence of propellerinduced turbulent flow on optical beam scintillation based on ocean mixing theory and optical experiments. The propellers mounted in a vehicle can produce velocity shear and increase the turbulence kinetic energy (TKE) dissipation rate, which indicates the turbulence intensity. This turbulence provides energy and drives microscale thermohaline mixing in seawater. Theoretically, the diffusivities of temperature and salinity are positively correlated with the TKE dissipation rate in the mixing process [19] . This research suggests that channel characterization in deep water is profoundly influenced by the emergence of underwater vehicle motion, accompanied by an increase in the TKE dissipation rate and ocean mixing. Meticulous simulation work and experimental study on communication performance of optical systems under different turbulence support this conclusion. Thus, turbulent flow induced by AUV affects optical links. The results of this investigation will expand the applications of underwater vehicles and UWOC in deep-sea exploration.
The remainder of this paper is organized as follows. Section II presents the mechanism of optical scintillation and the function of the TKE dissipation rate. Monte Carlo based simulation results are also presented. Detailed experimental studies are given in Section III. Conclusions are given in Section IV. 
II. MODEL OF TURBULENCE-INDUCED SCINTILLATION

A. Optical Scintillation
The underwater communication links experience intensity fluctuation when the optical wave propagates through the seawater medium due to the change in the RI along the propagation path. The inhomogeneous RI distribution can be caused by the inhomogeneous thermohaline distribution in seawater. The change in thermohaline characteristics at different depths has been shown in the ocean profile data provided by the world ocean database [20] in Fig. 2 . In deep water (>500 m deep), the gradients of temperature and salinity were <4°C per kilometer and ∼0.2 part-per-thousand (ppt) per kilometer, respectively. Quantifying the intensity fluctuations in the thermohaline environment is required before optical channel characterization. The scintillation index (SI) is defined to quantify the optical beam intensity fluctuation and is given by [21] :
where I is the received intensity of the optical waves,Ī means the mean of I. Following the classical Kolmogorov model for a fully developed turbulent flow, the power spectral density of the RI in seawater is [22] :
with
and δ = 8.284(κη)
where κ is the wavenumber of turbulence and η is Kolmogorov scale. TKE dissipation rate is denoted by ε, the dissipation rate of temperature is represented by χ T , A T = 1.863 × 10 −2 , A S = 1.9 × 10 −4 , and A T S = 9.41 × 10 −3 . The parameter ω, whose values range from −5 to 0, determines the relative strength of the temperature and salinity in driving the index fluctuations. When salinity-driven turbulence dominates, ω = 0; when temperaturedriven turbulence dominates, ω = −5 [23] , [24] . The RI model can be simplified in weak fluctuation regimes (σ 2 < 1), where scintillation index is proportional to Rytov variance [25] :
where λ is optical wavelength and L is the migration length of the light beam. χ relates to the dissipation rate of temperature or salinity. As long as there is a gradient or turbulent flow, heat and salts fluxes will exist and continually vary the distributions. Given that the diffusion is homogeneous, the dissipation rates can be defined as:
where k T and k S are the diffusivity of temperature and salinity, respectively. The fluctuation components, T and S , are derived from temperature T =T + T , and salinity S =S + S , respectively. Temperature and salinity changes are crucial for Rytov variance. Theoretically, both factors in dissipation rate, diffusivity and gradient are influential for SI. Previous works have investigated the relationship between SI and the gradient in thermohaline distribution [15] , [26] . These researches demonstrate that gradients can increase intensity scintillation while diffusivities are considered as constants. However, the impact of diffusivity on underwater communication link, especially in the presence of motion-induced turbulent flow, is untouched in previous models.
B. Diffusivity in Turbulence-Driven Mixing
Turbulence is described as a very chaotic state of fluid commonly observed in both atmosphere and ocean [27] , [28] . A critical feature of the turbulence related to this research is diffusivity, whose coefficient is analogous to, but markedly larger than, molecular diffusivity. The diffusivity is deeply influenced by the ocean mixing process [19] . Turbulence-induced mixing, which is dominant in the ocean, is driven by internal waves and tides, wind stirring, and other shear flows [29] . The propellers mounted in AUVs can introduce the turbulent flow in deep ocean. In the context of fluid dynamics, Navier-Stokes equations can be used to describe the motion of turbulent flows by velocity vector u, pressure P, viscosity v, and density ρ [30] :
The temperature, salinity, and density, which are considered to be scalars of the fluid, diffuse along with turbulent flows [31] . The second term on the right-hand side of Navier-Stokes equations is a diffusion term. All the scalars of fluid diffuse along the corresponding direction (i = 1, 2, 3) can be expressed as:
Similar to temperature and salinity, u is the fluctuation component of velocity. These diffusivities are determined by the turbulent flow state, which supports the conclusion that turbulence affects the thermohaline distribution.
As the equations indicate, the diffusivities of temperature and salinity are in association with the velocity produced by vehicle propellers. To further discuss their relationship, TKE dissipation rate are used to characterize the intensity of this vehicle motion:
The expression, which proposed by Osborn, for density diffusivity with regard to TKE dissipation rate can be applied for the thermohaline diffusivities [32] :
where the Richardson number R f is defined by the ratio of the buoyancy flux to the turbulent production. Here, N presents the buoyancy frequency. Mixing efficiency Γ is equal to R f /(1 − R f ), and the value of R f is derived from ocean observation [33] . Osborn discussed the possibility of a maximum value above which the turbulence cannot be maintained in steady state. Britter's measurements suggested that the critical value for R f ranges from 0.18 to 0.2 [34] , and Osborn recommended the generally accepted value of 0.2 for the mixing efficiency [32] .
Therefore, we have:
The variation of diffusivity caused by propellers can be transmitted to RI and Rytov variance.
C. Motion-Induced Scintillation Model
The theory of ocean mixing process is introduced to refine the underwater optical channel model in this study. Combining (5), (6) and (13), the temperature-related Rytov variance can be expressed by:
In addition to temperature or salinity gradients, the state of turbulent flows is another determinant for Rytov variance. The TKE dissipation rate becomes an essential parameter regarding scintillation.
It is worth discussing the role of the TKE dissipation rate in the scintillation. Equations (2) and (5) are inversely proportional to the TKE dissipation rate. However, the wrong conclusion [24] may be drawn by assuming that the TKE dissipation rate can decrease the SI. In other words, an increase in TKE dissipation will be incorrectly assumed to have an inverse relation to scintillation without combining with the abovementioned mixing process. The gradients of temperature/salinity is prerequisite. The reason that TKE dissipation is involved in this model is the diffusivity defined in equation (6) and (7) . Without the gradient, dissipation rates of temperature and salinity are comparatively low in spite of strong turbulent flows. All these conclusions will be discussed in simulation and experiment results in the following section.
D. Simulation Results
In this paper, we focus on presenting a simple physical simulation model based on Monte Carlo method [35] for a turbulent UWOC horizontal link. The Monte Carlo algorithm is far less computationally intensive compared to the approaches based on computational fluid dynamics. The proposed model is based on the interaction of propagating photons with a turbulent medium, which is presented in consecutive turbulent cells with different RI, denoted as n i . Each turbulent cell is a unit of seawater medium in which the optical signal propagates. The n i depends on the temperature of water, T, salinity of water, S, and wavelength of the light, λ. The received intensity of optical signal is calculated based on the fraction of received photons to the transmitted photons. The propagation path of each simulated photon from the transmitter is mainly dependent on the changes of n i . The photon is assumed to move in a straight line until it reaches the boundary of the following cell. The new direction is then calculated using Snell's law in vector form. The field of view of the receiver is set as 30°and the radius of the receiver's active area is set as 0.1 cm. The channel distance between the transmitter and the receiver is 1 m. The salinity in each cell is equal to 40 ± 0.3 ppt according to the salinity of Red Sea. We characterized the scintillation of links with different temperature gradients.
To create the temperature gradient, we set the temperature on the transmitter's side to the lowest temperature in the gradient with each successive layer having a slightly higher temperature until the maximum value is reached on the receiver's end. However, in the case of turbulent water, the random movement is assumed to move water molecules around, creating random variations in the temperature value. The temperature profiles with and without these random variations with a 2°C/m gradient are shown in Fig. 3(a) . We collected 1,000 intensity samples, for each of which we simulated 10,000 photons, and we calculated the SI values, which are shown in Fig. 3(b) . From the SI values, we can see that inducing the random movement in the water increases the severity of the turbulence, resulting in a less stable communication link, this will be verified in the following experiment.
III. EXPERIMENT OF EMULATED TURBULENT FLOW
A. Experimental Setup
Experiments were performed to study the impact of turbulent flows on UWOC quality and the performance of UWOC systems. To simulate the underwater channel, a 1-m long, 0.12-m wide, and 0.12-m high water tank was filled with 6 L of pure water (type I) from the water deionizer (Milli-Q Academic, Millipore). The laser diode (LD) and photodetector (PD) were placed on either side of the tank. Two optical windows were mounted in this container for the beam to penetrate. A single mode 520-nm pigtail-fiber LD (LP520-SF15, Thorlabs) served as the transmitter. The beam generated from the green laser was collimated through a plano-convex lens (LA1951-A, Thorlabs), propagated through the tank, and focused again by the same type of lens (LA1951-A, Thorlabs). At the receiver side, the focused beam was detected by the avalanche photodetector (APD 210, Menlo systems). The modulated signal injected to the laser diode was generated by the high-performance serial bit error ratio tester (J-BERT N4903B, Agilent). The bit error ratio (BER) of the communication system was analyzed by this equipment. The eye diagram and histogram analysis were generated by the digital communication analyzer (Infinium DCA-J 86100C, Agilent). The SI was analyzed by the waveform of the received signal collected by the mixed-domain oscilloscope (MDO3104, Tektronix). The experimental setup is shown in Fig. 4 .
The optical waves were propagated under three different temperature gradients, and two circulators were used to maintain corresponding gradients. To maintain the water at the desired temperature, the circulator pump was connected to one end of the tank and to a temperature controller (Julabo-F12 chiller). Water at the expected condition was injected into one end of the tank through the circulator. Different temperature conditions at the two circulators produced gradients in the water channel. Obviously, this machine was able to introduce turbulent flows, as the fluid velocity on the wall of the tank was zero. The mixing process altered the temperature distribution, making it more prone to fluctuations. To study the influence of the mixing process, a control group without mixing was employed. The circulators were utilized in the control group for maintaining temperature gradients, and a transparent medium (4-mm-thick acrylic board with a transmission rate up to 92% of visible range) that can transfer heat was placed in the middle of the tank to block the turbulent flow. Under this condition, turbulent flows existed in two zones, but they could only exchange heat through the transparent sheet, which constrained the transfer of fluid scalars. Turbulent flow was introduced in this contrast group to eliminate other potential factors that may affect the optical profile, such as particles in the medium disturbed by flow. The two cases of experiments, with and without the mixing process, were performed at three different temperature gradients but same with the simulation conditions, as shown in Table I . The optical signals were modulated by on-off keying (OOK), and the data rate was 1 Gbps. Several parameters, namely the BER, eye diagram, signal-to-noise ratio (SNR), and SI, were measured to characterize the UWOC quality. The SI was calculated on signals without modulation. The influence of turbulent-flow-induced scintillation was determined based on the experimental data.
B. Results and Discussion
The first experiment was conducted under a uniform temperature condition. The eye diagrams of the optical beam without temperature gradient are shown in Fig. 5 . The BER of each experimental condition is presented in Table II . The intensity distribution and SI were recorded and presented in Fig. 6 and Table II . Compared to the result of the turbulent flow-induced mixing process, the optical communication qualities without this mixing were almost the same. Thus, the turbulent flow seldom disturbs the density distribution. According to (6) , the dissipation rate of the temperature is extremely low if there is no temperature gradient. The experimental results show that turbulent flow does not influence the performance of UWOC when the temperature was uniformly distributed. In other words, these controlled groups demonstrate that a temperature gradient is a prerequisite for scintillation. Beam fluctuation is evitable in turbulent flow. A temperature gradient occurs in the second experiment where the inlet water temperatures from the two circulators are set to 24°C and 26°C. The BER increases compared to that in the first experiment. The introduction of a temperature gradient aggravates beam fluctuation. The measured eye diagrams under this situation are shown in Fig. 7 . The values in the no mixing group and mixing group differ by two orders of magnitude, which shows that turbulent-flow-induced mixing contributes to scintillation. This difference is evident in both the eye diagram and the SI (Table II) . Thus, turbulent flow can seriously affect the optical pattern in the same gradient medium.
The temperature gradient was expanded to 4°C per meter in the third experiment. The scintillation was more severe than that in the 2°C gradient case. The BER increases accordingly. The eye diagram was difficult to record because the signals vibrated frequently. As shown in Fig. 8 and Fig. 9 , the amplitude was reduced by at least half of that of 2°C temperature gradient. In some cases, the signals in the group with the mixing process may have the same order of amplitude as noise because of the scintillation. The SNR quantifies these results. The minimum and maximum SNR of 4°C gradient mixing group are 1.29 dB and 3.40 dB, respectively, while the corresponding SNR in 2°C gradient group are 4.13 dB and 4.19 dB. The BER and SI also reflect the poor communication quality. The recorded BER was 1.42 × 10 −1 , which can barely be corrected under current error correction codes. From the measurements, the performance degrades as the temperature gradient increases. If turbulent flow exists, the communication quality degrades further. In fact, the BER under the condition of a 2-°C gradient with mixing was higher than that under a 4-°C gradient without mixing.
The experimental results, shown in Fig. 10 , have the same trend with the simulation results. It is important to note that the simulation does not take into account the noise of the electrical part in the system, especially the noise from the APD used in the experiment. Guo et al. mentioned the APD noise affects the SI values in their reciprocal turbulence research in underwater environment [26] . For that reason, the SI values obtained from the simulation are lower. The same trend shown by the simulation and experiment supports the conclusion proposed in Section II that the turbulent-flow-induced mixing process promotes diffusion efficiency, which positively facilitates scintillation.
IV. CONCLUSIONS
This paper investigated the relationship between turbulentflow-induced mixing process and scintillation in UWOC because communication quality is crucia when underwater vehicles equipped with wireless optical systems are used to collect data from seafloor platforms. We considered the modelling of the influence of turbulent-flow induced mixing process on scintillation of underwater optical links. The Monte Carlo based simulation was applied to verify the model. Furthermore, we validated the model and simulation results via experimental work. From the experiment results, we concluded that turbulent flow should be taken into account in underwater wireless optical channel models because turbulent flow can significantly affect the optical pattern in the gradient medium. For future work, simulation method can focus on the scintillation of received optical intensity, beam misalignment issues, and turbulence induced by the instability of AUV in case of transmitters and receivers are carried by the AUV. Following the simulation, the technique can be tested in field experiment to improve the performance of localization and navigation algorithm for AUV in data mule task. In future work on mitigation strategies, the aperture averaging technique is considered to be a potential technique for combating scintillation. This method avoids receiving waves from a single propagation path, and the averaging of identical apertures erases relatively fast fluctuations due to small turbulence. Significantly, the fading of received signals become smoother after using this technique. Hence, this research expands future applications for underwater vehicles using wireless optical communication in deep-sea exploration.
